A three-quasiparticle isomer with τ = 170(8) µs and K π = (19/2 + ) has been identified in the neutron-rich isotope 169 Ho. The isomer decays with K-forbidden transitions to members of a band associated with the 7/2 − [523] proton configuration, whose structure is characterized through analysis of the in-band γ -ray branching ratios. In the isotone 171 Tm, the rotational band based on the known 19/2 + , three-quasiparticle isomer has also been observed. Alternative one-proton two-neutron configurations for the isomer in 169 Ho are discussed in terms of multiquasiparticle calculations and through a comparison with the structures observed in 171 Tm.
I. INTRODUCTION
Information on γ decay in well-deformed nuclei a few neutrons beyond the stability line is generally limited. The nucleus 165 Ho, with N = 98, is the only stable holmium isotope; 166 Ho has been extensively studied through neutron capture, while there is progressively less information on the levels of 167 Ho and 168 Ho. The neutron-rich isotope 169 Ho was originally identified from the β decay of the 169 Dy parent produced in multinucleon transfer reactions induced by an 170 Er beam incident on a heavy target [1] . The 169 Ho ground state, populated by a fast β decay from the ν 5/2 − [512] 169 Dy ground state, was associated with the 7/2 − [523] proton orbital, as expected from theoretical considerations and systematics. The only γ ray observed in that study was a 1578-keV transition assigned as a decay to the ground state from a level of the same energy. The low logf t value (4.8) was the basis for a possible 7/2 − assignment to the 1578-keV state, presumably of three-quasiparticle character, but one without a firm configuration assignment [1] . The majority of information on excited states in 169 Ho comes from single-particle transfer studies including 170 Er(t,α) with polarized triton beams [2] . As summarized in Ref. [3] with a half-life of 6 µs [4] . We present new results here on levels in 169 Ho observed in the decay of a three-quasiparticle isomer populated in transfer reactions using energetic 136 Xe beams, as well as additional results on the properties of the recently identified isomer in the isotone 171 Tm [5] . The relation between states in the isotones is discussed in the context of predictions from multiquasiparticle calculations.
II. EXPERIMENTAL PROCEDURES
The experimental techniques used in the present study are essentially identical to those reported in a series of measurements aimed at the spectroscopy of stable and neutronrich, well-deformed nuclei near Z ∼70 (see, for instance, [6] [7] [8] ). The beam and target conditions in these experiments (with beam energies ∼20% above the Coulomb barrier) result in inelastic processes with single and multiple transfer of nucleons as well as inelastic excitation of the target and projectile nuclei (e.g., [9] ).
Pulsed and chopped beams of 830-MeV 136 Xe were provided by the ATLAS facility at Argonne National Laboratory. Gamma rays were detected with the Gammasphere array [10] and various timing conditions were used to identify isomers and to isolate specific structures using γ -γ -time correlations. The beams were incident on a 6 mg/cm 2 thick metallic foil, enriched in 170 Er, and placed on a 25 mg/cm 2 gold backing. Under these conditions, γ rays from very short lived states will exhibit attenuated Doppler shifts, thus limiting the identification of high-spin states, unless they are populated through isomers, in which case the final decays will come from nuclei at rest. Complementary results, particularly for 171 Tm, were also obtained from the earlier bombardments on 176 Yb [6] .
The main measurements used nanosecond pulses, separated by 825 ns, and data were only recorded when at least three γ rays with a relative time difference within approximately ±800 ns were detected. About 6 × 10 8 coincidence events of fold three and higher were collected in this configuration. A separate sequence of measurements was carried out with macroscopically chopped beams and beam-on-beam-off conditions that ranged from the regime of microseconds to seconds (as in Ref. [8] ). In these measurements, out-of-beam events that satisfied a dual γ -γ -time condition were recorded.
III. RESULTS AND LEVEL SCHEMES

A.
169 Ho A sample of the experimental results that forms part of the basis of the assignment in 169 Ho is given in Fig. 1 . This spectrum was constructed by summing double-coincidence gates in the out-of-beam time region. A rotational band structure, including cascade and crossover transitions, is evident, with the main delayed feeding being through the prominent 685-keV transition. The observation of characteristic Ho x rays provides the Z identification, while the γ -ray energies of the first two cascade transitions in the band at 97.7 and 119.2 keV lead to level energies of 97.7 and 216.9 keV, in agreement with the energies of 98(4) and 215(4) keV reported for the 9/2 − and 11/2 − band members identified in the single-particle transfer studies [2, 3] . The proposed level scheme can be found in Fig. 2 .
The g K − g R values deduced from the in-band branching ratios, as listed in Table I Although a weak 867.3-keV γ ray is marked in Fig. 1 , it is only tentatively assigned as a branch from the isomeric state to the 15/2 − level. Its intensity is close to the limit of reliable observation, and there is a relatively strong 141-keV, 867-keV cascade in the decay of an isomer in 170 Er [11] which might lead to contamination in some coincidence gates.
A search was undertaken for additional decays from the isomer, as well as for structures associated with other intrinsic states and bands, but none were identified. This is not surprising since all low-lying intrinsic states except the ground [3] . This situation differs from that in the isotone 171 Tm [5, 13] , as discussed later, where such states are lower (because of the higher proton Fermi surface) and the isomer has more decay paths available.
The long lifetime of the isomer (see the following) precluded the identification of transitions feeding it, including the identification of its rotational band, which would have been valuable in distinguishing among alternative assignments.
The lifetime of the 1386-keV state was determined from the chopped beam measurements. Figure 3 provides the intensity of the main decay lines extracted from selected coincidence spectra, gated to isolate the transitions of interest, in contiguous time intervals, with beam-on and beam-off conditions of 30 and 300 µs. A fit to this spectrum, indicated by the solid curve in the figure, leads to a mean life of τ = 170(8) µs.
A search was also made for higher states in the 7/2 − [523] band in the prompt beam time region, but it was not possible to extend the band beyond the 19/2 − level populated in the decay of the isomer. Transition strengths deduced from the measured γ -ray branching ratios, calculated conversion coefficients, and the measured lifetime are given in Table II . The tentative 867.3-keV branch to the 15/2 − state is given as a limit and thus its implied strength cannot be used as a primary argument for assignment. The reduced hindrance factors, f ν , are also listed. The hindrance F is the inverse of the transition strength in Weisskopf units, the reduced hindrance being defined by f ν = F 1/ν . The degree of forbiddenness for a multipolarity λ is given by the shortfall between the required K change and the transition multipolarity, that is, ν = | K| − λ. Except for the case of E1 transitions, which are often already inhibited, typical values of f ν range between about 50 and several hundred.
An initial evaluation of strengths leads to the conclusion that only the spin-parity combinations J π = 19/2 ± and 21/2 ± need to be considered. Of these, the 21/2 + possibility (not listed in the table) can be eliminated since the 484-keV transition would be of M2 character with f ν = 12, which is highly unlikely.
(The tentative 867-keV γ ray would then be an E3 transition with f ν 17.) From Table II, the 21/2 − possibility implies f ν = 80 for the 484-keV branch, which is acceptable, whereas the 685-keV branch has f ν = 39, a marginally low value. Thus, the 21/2 − alternative remains a possibility, but it is the least likely of the three. From Table II The properties of the K π = 19/2 + isomer at 1674 keV in 171 Tm were established in Ref. [5] , including the tentative identification of two cascade transitions in the band based on the isomer. More extensive results were obtained in the present work by selecting transitions that feed the isomer, using double gates on pairs of delayed transitions that follow its decay. The main transitions are evident in Fig. 4 . In the absence of any higher lying isomers, these events occur within the beam pulse, hence explaining the presence of a high continuous background and random coincidences. (The 207-keV transition indicated in parentheses is not placed in the rotational band, but it does feed the isomeric state.)
As can be seen from this spectrum, the crossover transitions are more intense than the cascade transitions. The in-band γ -ray branching ratios deduced from the measured intensities and the g K − g R values are listed in Table III .
IV. MULTIQUASIPARTICLE CALCULATIONS AND CONFIGURATIONS
Calculations of the expected multiquasiparticle spectra were carried out using an approach similar to that of Jain et al. [14] , but using a Lipkin-Nogami pairing treatment rather than BCS (see Refs. [15] [16] [17] ). The procedure involves choosing a set of single-particle levels together with the neutron and The pairing strengths were taken as G ν = 18.0/A and G π = 20.8/A, the same values selected in evaluations of a range of Yb, Ta, and Lu isotopes (see, for example, Refs. [7, 15] ) and recently for the nearby even-even Er isotopes 168-172 Er [11] . Empirical residual interactions [14, 17] are included in the calculation of final-state energies so that the Table IV . Since all are from two-neutron, one-proton configurations and both isotopes are expected to have similar deformations, the essential difference between the isotones is that the predicted states are about 400 keV lower in 169 [5] . This is supported by new results on the properties of the rotational band identified above it, particularly the alignment, as discussed in the following.
As can be seen from Fig. 5 , the alignment is essentially equal to the sum of the alignments for the 6 − two-neutron core in 172 Yb (containing the 7/2 + [633] i 13/2 neutron) [19] and the 7/2 − [523] proton in 171 Tm [13] . The agreement in this case is consistent with the expectation that additivity of alignments would apply in cases where the two components are of different character, that is, a proton and a neutron configuration, whereas in instances where orbitals of common character occur, there is additional blocking and saturation of the alignment sum [20] .
The observed g K − g R values extracted from the in-band branching ratios are small in magnitude (see Table III ), but only roughly consistent with an expected value of −0.04. (The low magnitude arises because the proton and neutron components cancel approximately.) However, although they are not precisely determined, there is an indication of a spin dependence in the experimental values. Although that might also be expected, given the significant spin alignment in the band, the values obtained when the alignment is taken into account using the formalism given by Bark et al. [21] are predicted to be approximately constant, at ∼0.075, for all observed states. The magnitude agrees with the average of the observed values but the spin dependence differs. (Table II) . Although the description proposing a dependence of the reduced hindrances on the energy above the yrast line was not developed for E1 transitions [22] , the lower hindrance in 171 Tm could be consistent with the higher excitation energy and therefore increased mixing, being about 500 keV more nonyrast than in the 169 Table IV ).
VI. SUMMARY
A long-lived isomer with τ = 170(8) µs has been identified in the neutron-rich isotope 169 Ho. The isomer decays to the rotational band based on the 7/2 − [523] ground state, allowing characterization of that band. The isomer probably has K π = 19/2 + , from the same two-neutron, one-proton configuration that produces the 19/2 + isomer in 171 Tm. The rotational band associated with the 171 Tm isomer has also been identified and the observed spin alignment provides additional support for the original configuration assignment. The lower energy in 169 Ho (1386 keV compared to 1674 keV in 171 Tm) arises from the lower proton Fermi level. The K-forbidden transition strengths are consistent with this interpretation, although in the absence of identification of the band above it, the alternative 19/2 − assignment for the isomer, from a competing two-neutron, one-proton configuration, cannot be completely discounted.
